As glaciers in the western United States thaw in response to warming, they release dissolved 25 organic matter (DOM) to alpine lakes and streams. Biological availability of DOM from small 26 mountain glaciers is unknown. Differences in DOM bioavailability between glacier types like 27 rock and ice glaciers remains undefined, yet rock glaciers outnumber ice glacier approximately 28 ten to one at low latitudes. To assess which components of aquatic DOM are most reactive and 29 the potential for glacial DOM from low latitude glaciers to subsidize heterotrophy in alpine 30 headwaters we evaluated reactivity and molecular composition of DOM from ice glaciers and 31 rock glaciers from four paired catchments (each with a glacier and rock glacier at their 32 headwaters). Biological reactivity was linked to molecular composition by evaluating the 33 chemical characteristics of each DOM pool pre-and post-incubation using common microbial 34 community laboratory assays paired with untargeted mass spectrometry-based metabolomics. 35
Introduction 45
Glaciers bridge the atmospheric-terrestrial-aquatic interface, integrating atmospherically 46 deposited chemicals with weathering products and releasing reactive solutes to adjacent surface It is also possible that DOM with a high diversity of labile compounds may have positive 81 feedbacks on the bioavailability of the total DOM pool by asserting priming effects on the total 82 pool (Guenet et al. 2010). In addition, certain metabolites within DOM pools may not be 83 bioavailable individually, but may act as cofactor metabolites that allow for a mutualistic 84 increase in bioavailability [Hilker 2014 ]. Thus, the relationship between DOM pool 85 characteristics and lability remains largely unknown in most natural systems. However, some 86 patterns are beginning to emerge, like the consistently high lability of proteinaceous DOM that 87 has been found in glacial, estuarine, and marine environments [Andrilli et al. 2015] . Defining 88 these fundamental relationships between chemical composition of DOM and lability has the 89 potential to provide a better understanding for how DOM pools contribute to heterotrophy across 90 a broad spectrum of aquatic ecosystems. 91
There are defining characteristics in the origin of DOM that differentiate glaciers from rock 92 glaciers. DOM derived from ice glaciers is structured by in situ microbial activity and can be an To address this, we asked whether differences in the composition of DOM between ice 103 glaciers and rock glaciers affected differences in microbial metabolism and whether DOM 104 chemistry in ice and rock glacier meltwater in the western United States is similar to what has 105 been reported for other glacial meltwaters. Here we present the results of laboratory incubations 106 of DOM from ice glacier and rock glacier meltwaters with a common microbial community. 107
Incubations were bookended (i.e. analyzed before and after incubation) with non-targeted 108 metabolomic analysis of DOM via gas chromatography mass spectrometry (GC-MS) to 109 determine differences in the specific chemical compounds metabolized by microbial processing. 110
By exposing DOM from different sources to a common microbial community we were able to 111 extraction cartridges (Agilent, Santa Clara, CA, USA). Concentrated DOM was eluted in the 135 field with 10mL HPLC grade methanol per cartridge into cleaned, combusted, and pre-weighed 136 120mL borosilicate bottles. 137
Metabolite Analyses 138
Once in the laboratory, pre-incubation DOM samples were dried under a clean N 2 stream and 139 weighed (http://www.nrel.colostate.edu/projects/lvws/data.html). Each sample (n=8) was 140 prepared for metabolomic analysis by dissolving the dried OM into fresh HPLC-grade methanol 141 to a final concentration of 2 mg ml -1 . 142
After the microbial bioassays (in which all samples were run in duplicate), post-incubation 143 DOM samples were collected separately from each individual microcosm (n=16). Water from 144 each microcosm was filtered through pre-leached 0.2 µm Millipore filters (EMD Millipore, 145
Billerica, MA, USA) to remove microbial biomass, freeze-dried, and the total remaining DOM 146 was weighed and re-dissolved into HPLC-grade methanol 147 (http://www.nrel.colostate.edu/projects/lvws/data.html). In order to increase the volatility of 148 molecules analyzed through GC-MS, samples were derivatized with trimethylsilane (TMS) using 149 standard protocols (Supplemental Materials) (Pierce, 1968). 150
Metabolomics 151
Both pre-and post-incubation OM samples were analyzed with inline gas chromatography-152 mass spectroscopy (GC-MS) at the Proteomics and Metabolomics Facility at Colorado State 153
University. Metabolites were detected using a Trace GC Ultra coupled to a Thermo ISQ mass 154 spectrometer (Thermo Scientific, Waltham, MA, USA). Samples were injected in a 1:10 split 155 ratio twice in discrete randomized blocks. Separation occurred using a 30 m TG-5MS column 156 (0.25 mm i.d., 0.25 µm film thickness, Thermo Scientific, Waltham, MA, USA) with a 1.2 mL 157 min -1 helium gas flow rate, and the program consisted of 80°C for 30 sec, a ramp of 15°C per 158 min to 330°C, and an 8 min hold. Masses between 50-650 m/z were scanned at 5 scans sec -1 after 159 electron impact ionization (Broeckling et al. 2014) . 160
DOM lability experiments 161
Concentrated DOM samples from each of the eight study sites were diluted to 4 mg L -1 C and 162 incubated in vitro with a natural microbial community collected from The Loch, a small sub-163 alpine lake in Rocky Mountain National Park, CO, USA, (-105.6455, 40.2976). Unfiltered lake 164 water collected from The Loch was aged for 2 years at 5 °C in order to remove the majority of 165 the bioavailable carbon. At the start of the experiment DOM concentration of the lake water was 166 0.7 mg L -1 C. At the initiation of the incubations 2 L of aged lake water was filtered through a 167 pre-combusted (450° C, 5hr) Whatman GF/C filter (1.2µm nominal pore size) (GE Whatman, 168
Pittsburg, PA, USA) to remove bacterial grazers (e.g. protists and metazoans). Three aliquots of 169 filtered-aged lake water was preserved with 2% formalin (37% formaldehyde), and set aside for 170 enumeration of bacteria at the initiation of the experiment (i.e. t=0), and a second set of three 171 aliquots (7mL) was used for initial DOC/TN analysis on a Shimadzu TOC-VWS analyzer 172 (Shimadzu Corp., Kyoto, Japan). To create normalized concentrations (4 mg L -1 C), in each 173 incubation bottle we added 60.96 mL of unfiltered Loch water, between 3.80 and 9.06mL of 174 concentrated DOC solution (depending on the initial concentration), and filled to 70mL total 175 volume with DI; resulting in standardized concentrations of 4 mg L -1 C in each incubation bottle. 176
During the experiment, microcosms that received DOM from ice glacier and rock glacier sites 177 were incubated alongside control incubations that contained lake water and the common 178 microbial community but with no added DOM (i.e. experimental control). In addition, an 179 analytical blank of MilliQ water was incubated to correct for any instrumental drift that occurred 180 during the experiment. 181
All microcosms were incubated simultaneously at 15 °C for 10 weeks. To calculate microbial 182 respiration, we measured changes in dissolved oxygen (DO) at 1-minute intervals in each 183 microcosm using an Oxy-4 fiber-optic dissolved oxygen probe (PreSens, Regensburg, Germany). 184
The incubation was terminated when the fastest metabolizing microcosm approached 4mg L -1 185 DO to avoid hypoxia and the potential for anaerobic metabolism. All measurements with 186 amplitude less than 20000 amps were removed because of the potential for inaccurate readings of 187 DO. Absolute values from the raw fiber optic measurements were corrected for analytical drift 188 by subtraction of changes in signal from the MilliQ water analytical control over the course of 189 the experiment. 190
Bacterial Cell Counts and Bulk Chemistry 191
From each microcosm we collected a 2 mL aliquot post-incubation and preserved it with 2% 
Analysis of DOM Reactivity 217
Oxygen consumption rates were fit to a Berner-Multi-G two-pool decay model to estimate the 218 size of the labile pool (BDOM) and the recalcitrant pool. Oxygen consumption was averaged for 219 each glacier type and confidence intervals were calculated at α=0.05. Data were smoothed using 220 a third order polynomial (R 2 >0.999) and 95% confidence intervals were plotted. Berner's Multi-221 G model was used to model carbon pool bioavailability (Berner 1980; Guillemette and del 222 Giorgio 2011), using SAS. Dissolved oxygen curves generated from the incubation were fit to 223 the Equation: 224
where Y is the total carbon pool, B 1 is the bioavailable carbon pool, k is the decay rate 228 constant of the bioavailable pool, t is time, and B 0 is the recalcitrant carbon pool. We used a least 229 square means to test for statistical differences between ice glaciers and rock glaciers in the size 230 of the B 1 and B 0 pools. Total C consumed was calculated as the difference in pre-and post-231
incubation DOC values. 232
To address the metabolic quality of consumed carbon we calculated Respiratory Quotient 233 (RQ) as the carbon consumed (in mg L -1 ) divided by the oxygen (as O 2 ) consumed (in mg L -1 ). 234
Bacterial growth efficiency (BGE) was calculated to examine how efficiently each carbon 235 source was incorporated into bacterial biomass. To calculate BGE we divided bacterial 236 production (BP) by the sum of bacterial respiration and bacterial production (BR + BP)(del 237
Giorgio and Cole 1998). Thus, BGE is a ratio of carbon incorporated into biomass relative to 238 total carbon consumed for the bacterial community. BP was measured as change in cell number 
Statistical Analyses 249
The DOM composition for each treatment (glaciers vs. rock glaciers) was compared with 250 ANOVA for each compound using the aov function in R, and p-values were adjusted for false 251 positives using the Bonferroni-Hochberg method in the p.adjust function. Post-incubation 252 samples were corrected for compounds added by the lake water by subtracting the peak 253 intensities for each chemical candidate within the lake water (i.e. experimental control) from 254 each post incubation sample. 255
We identified differences in compounds present in each sample using PCA conducted on 256 mean-centered and pareto variance-scaled data using the pcaMethods package in R. We analyzed 257 GC-MS spectra using principal component analysis (PCA) in R (R Core Team, 2014). For each 258 sample, raw data files were converted to .cdf format, and a matrix of molecular features as 259 defined by retention time and mass to charge ratio (m/z) was generated using XCMS package in 260 R for feature detection and alignment. Raw peak areas were normalized to total ion signal, 261 outlier features were detected based on total signal and PC1 of PCA, and the mean area of the 262 chromatographic peak was calculated among replicate injections (n=2). We grouped all spectral 263 features based on an in-house clustering tool, RAMClustR, which uses spectra based coelution 
Ice glacier and rock glacier DOM composition 273
Neither the chemical diversity (mean=2.82), nor the C:N ratio (mean=2.1) differed between 274 glaciers and rock glaciers (Table 1 ). In addition, the molecular composition was similar in each There were significant differences between glacier types in the molecular composition of less 283 abundant compounds (Table 2) , although the C:N ratio, chemical diversity, and compounds with 284 greatest ion intensity were similar. PCA analysis of the complete dataset suggested 33 key 285 compounds, ordinated on axes three and five of our PCA analysis (Figure 2A ), were responsible 286 for differences in the ice and rock glacier DOM pools (Table 2) . Of those 33 compounds, 5 were 287 assigned putative structures ( Table 2 , also see 288 http://www.nrel.colostate.edu/projects/lvws/data.html) with ice glacier meltwaters significantly 289 enriched in the simple sugar maltose and the amino acid glutamate, and rock glacier meltwaters 290 enriched in the primary organic acids, glycolate, threonate and quinate ( Table 2) . The other 28 291 compounds represented components of the DOM pool that differentiated DOM composition 292 from each glacier type, but were not present in the databases we employed and had no known 293 structural analogs. 294
Incubations 295
The bacterial respiration rates of DOM from each glacier type were not significantly different, 296 as estimated by the decay constant k (Table 3) . However, a significantly larger portion of ice 297 glacier DOM was bioavailable, (i.e. BDOM, B 1 = 58.8 ± 9.7%) compared to rock glacier DOM 298 (B 1 = 37.3 ± 10.2%, p <0.01, Table 3 ). Bacterial growth efficiency (BGE) was higher for 299 microbial communities incubated with ice glacier DOM compared to rock glacier DOM (G = 300 0.26 ± 0.13, RG = 0.16 ± 0.16, Table 3 ). In general, more oxygen was consumed per mg organic 301 carbon metabolized in incubations that contained glacial DOM compared to those that contained 302 rock glacier DOM, even though the amount of carbon consumed between treatments was similar 303 Table 3 ). This resulted in a lower respiratory quotient (RQ) for glacial derived DOM 304 compared to rock glacier derived DOM overall. 305
Post-incubation DOM analysis 306
Analysis of DOM after the incubation period allowed us to assess how microbial metabolism 307 altered the composition of DOM. Incubation with a common microbial community both rarified 308 and homogenized DOM between glacier types, resulting in fewer compounds with high ion 309
intensities, and more compounds with low ion intensities ( Figure 3 ). This reorganized the 310 molecular rank-abundance curve, resulting in a different set of compounds with the highest 311 relative abundance in the pre vs. post-incubation dataset (Table 4 ). However, similar to pre-312 incubation DOM composition, post-incubation ice glacier and rock glacier derived DOM shared 313 the same abundant compounds ( Figure 2B ) 314 (http://www.nrel.colostate.edu/projects/lvws/data.html). Interestingly, the chemical diversity of 315 DOM between glacier types diverged during the course of the incubation. At the end of the 316 incubation glacial DOM had significantly higher diversity and rock glacier DOM had 317 significantly lower diversity compared to pre-incubation DOM for the same glacial type (Table  318 1, Figure 2C ). Combined with molecular rank abundance data (ordered on ion intensity), this 319 change in chemical diversity resulted in an increase in the richness of glacier DOM pools by 320 microbial metabolism and a decrease in richness in rock glacier DOM during the incubation. For 321 both DOM sources, many of the organic acids and sugars present pre-incubation were consumed 322 while amino acids that were present at lower intensities in pre-incubation DOM pools increased 323 in relative abundance in post-incubation DOM pools. While there were differences in the 324 chemical diversity of rock and ice glacier derived DOM post-incubation, PCA suggested were no 325 differences in the overall molecular composition between glacier types ( Figure 2B ). This trend 326 did not follow for all rock glaciers, as one replicate of Taylor Rock Glacier (lowest left point, 327 Figure 2B ) 330 showed separation along the y-axis (PC1) of their PCA, a separation that was not seen before 331 microbial metabolism (Figure 2A ). The reasons for this remain unclear, but may be due 332 geographical separation (climatological differences) between Peck Rock Glacier and all other 333 sites. 334
Discussion 335
Our results demonstrate that chemically complex DOM released from Rocky Mountain ice 336 glaciers and rock glaciers stimulated bacterial respiration and productivity. Each DOM source 337 had unique molecular characteristics that reflected their quality as an energy source for microbial 338 metabolism. Glacier and rock glacier DOM shared many of the same organic compounds, but 339 differences in the relative concentrations of just 33 compounds appeared to drive differences in 340 the bioavailability of DOM between glacier types. Enrichment in simple sugars of glacier DOM 341 contributed to higher bioavailability of glacier DOM as measured by size of the BDOM pool and 342 bacterial growth efficiency (BGE). The DOM from rock glaciers, was enriched in less 343 bioavailable, primary organic acids. In spite of these differences, the bacteria homogenized 344 DOM from both sources during the incubations, resulting in more similar DOM composition at 345 the end of the incubation compared to the composition of the DOM before the incubation. In our 346 experiment, the source of the DOM affected its composition and reactivity and interaction with 347 the microbial community metabolism re-structured its chemistry. 348
Glaciers are a source of labile DOM 349
The results from our study of glaciers in Colorado showed similar patterns to previous studies Previous reports on freshwater noted 16.5-34.5% of BDOM, which more closely resembled the 361 amount of BDOM we report from rock glacier BDOM (37% on average). 362
We propose that ice glaciers have higher proportions of BDOM compared to rock glaciers for 363 two reasons. First, rock glaciers host mosses, lichens, and vascular plants, including woody 364 shrubs and trees (Wahrhaftig and Cox, 1959 Whereas our results provide unambiguous evidence that differences in bioavailability are due 424 to chemical differences between DOM that differ in origin from glacier types, some components 425 of the DOM pool are likely not assessed by the GC-MS we employed. GC-MS measures 426 molecules up to 1200 amu with electron impact ionization, leaving larger molecules unidentified. 427
Further, some of the components important for glacial C processing could not be identified using 428 the most current databases. While we were unable to determine exactly what those compounds 429 were, we are able to say what they were not. Many of the unannotated compounds that were 430 significantly different between glaciers and rock glaciers had m/z (mass to charge ratio) values 431 greater than 200 (Table 2) , indicative of secondary metabolites with large molecular weights 432 relative to primary metabolites, most of which have mass to charge (m/z) values between 60 and 433 205. Products of primary metabolism, e.g. amino acids, organic acids, sugars and peptides are 434 well represented in mass spectrometry databases and therefore more easily identified with a GC-435 MS approach. Less well represented are larger molecular weight products of secondary 436 metabolism such as terpenes, alkaloids, polyketides, aromatic structures, and products of mixed 437 biosynthesis. Known metabolites are often a small portion of data obtained through mass 438 spectrometry (<10%), with much of the data reflecting unknown metabolites or those yet to be 439 verified with standards (Jansson et al. 2009 ). Yet, the quality of mass spectrometry databases and 440 representation is rapidly improving, and this will likely be a critically important source of 441 information for understanding the relationship between molecular composition of DOM and its 442 lability in future research. The high proportion of compounds that could not be annotated with 443 candidate assignments in our study reflects the infancy of using mass spectrometry databases in 444 environmental applications. It exposes the need for more environmentally derived spectra and 445 standards from secondary metabolism to be added to the current metabolite databases. With the 446 expansion of metabolic databases, and the verification of environmentally-derived spectra to 447 known standard compounds, metabolomic techniques will provide the ability to directly assess 448 the functionality of in situ metabolic pathways from natural systems. 449
Distribution of Glaciers and Rock Glaciers 450
Complete mapping of rock glaciers has only been completed for the contiguous United States organic matter for metabolism and will continue to do so for decades to come. 461
In conclusion, the work presented here suggests that as long as the cryosphere is present, 462 DOM entering alpine streams and lakes from both glacier and rock glaciers is likely to continue 463 to contribute to ecosystem heterotrophy during summer melt. We found clear differences in the 464 proportion of BDOM and microbial growth efficiency between glacier and rock glaciers DOM. 465
This suggests a higher potential for secondary production in systems with glacial headwaters 466 compared to those with rock glacier headwaters. The applicability of metabolomics to the 467 analysis of natural DOM provides the potential to expand the application of our results for the 468 prediction of BDOM beyond glaciated ecosystems to a broad range of inland waters. At the same 469 time our approach exposes the need for better metabolite database development for ecological 470 metabolomic approaches. In the coming decades, the DOM inputs to alpine lakes and streams 471 will increasingly be dominated by rock glacier-like DOM inputs, as ice glaciers are lost and rock 472 glaciers continue to contribute to alpine hydrology due to their slower ablation rates. Despite 473 differences in chemical compounds and BDOM pool sizes between glacier types, both glaciers 474 and rock glaciers represent an important heterotrophic subsidy of organic carbon to alpine 475 headwaters that will fuel ecosystems processes from the bottom up for years to come. averaged for each of the glaciers (blue) and rock glaciers (red), and the analytical control (dotted 679 black). All curves were smoothed using a third order polynomial regression function (R 2 =0.999). 680
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